ABSTRACT: Birds and mammals are the leading marine predators at high latitudes, while sharks and other large fish occupy top positions in tropical waters. The present study proposes that temperaturedependent predation success (TPS) explains global patterns of marine vertebrate community structure. Burst speed increases with temperature in ectotherms but is independent of temperature in endotherms. If capture success depends on relative swimming speeds of predator and prey, ectothermic prey will be more vulnerable to attack by endothermic predators at low temperatures. Conversely, high temperatures should enhance the ability of ectothermic predators to prey on endotherms. Pursuit-diving seabirds (penguins, auks and some cormorants) and pinnipeds (seals and sea lions) are ubiquitous in ocean waters with summer surface temperatures cooler than the midteens to low 20s (°C) but are virtually absent in warmer regions. We suggest that the near-absence of these animals at low latitudes is due to TPS, as warm water increases the difficulty of capturing fish prey and increases vulnerability to predation by large ectothermic and partially endothermic sharks. Pursuit-diving birds and pinnipeds are virtually absent from warm temperate and tropical waters, even where primary productivity and fisheries data suggest that food supplies are ample. This indicates that the low productivity that prevails in much of the tropical zone cannot explain the worldwide distributional patterns of pursuit-diving birds and pinnipeds. Endothermy in marine communities increases with cooler temperatures and with animal size. Pursuit-diving birds and pinnipeds are sensitive to temperature limits and may suffer important range contractions as oceans warm.
INTRODUCTION
Upper trophic structure in the world ocean varies greatly with latitude. Seabirds and marine mammals are the chief predators at mid to high latitudes (Lavigne et al. 1989 , Brooke 2004 , while sharks and other large fish are leading predators in the tropics and subtropics (Cortés 1999) . Within taxonomic groups global distribution varies with foraging method and body type. Birds that swim after active prey in the water column (pursuitdivers) are largely restricted to mid and high latitudes (Brooke 2004) . Birds that employ other feeding methods, including surface dipping, skimming and pursuit plunging (Ashmole 1971) , are widely distributed throughout the world ocean, including the tropics (del Hoyo et al. 1992) . Pursuit-diving pinnipeds are abundant only in mid to high latitudes, but whales, including toothed whales that are also pursuit-divers, are found at all latitudes (Perrin et al. 2002 , Kaschner et al. 2006 .
No general theory has been advanced to explain these patterns. Ainley (1977) and Heath (2002) postulated that the near-absence of pursuit-diving birds and pinnipeds in tropical waters is due to low food abundance there. However, this does not explain why toothed whales are common in the tropics and why sharks and other large fish are common in the tropics but rare at high latitudes.
The prospect of accelerated climate change (Solomon et al. 2007 ) assigns heightened urgency to the need to understand global patterns of marine trophic structure. Latitudinal shifts in isotherms due to ocean warming (McCarthy et al. 2001 ) may also force communities that are characteristic of particular temperature regimes to shift in latitude (McMahon & Hays 2006) . This has implications for conservation of highlevel marine predators and for commercial fisheries that exploit some of these predators and most of their prey. Examination of climate-change impacts on marine vertebrates has emphasized effects on species at local or regional scales (e.g. climate and tuna recruitment, Lehodey et al. 2003 ; ice cover and arctic seals, Ferguson et al. 2005 ; and temperature and seabird breeding success, Kitaysky & Golubova 2000) rather than community effects at a global scale.
The present study proposes a new hypothesis that uses temperature-based predation dynamics to link predator community structure to ocean temperature regimes. Predictions arising from this hypothesis were tested against distribution patterns of marine vertebrates. An alternate explanation, that food supply controls distribution of predator types, was also examined.
Temperature-dependent predation success: a hypothesis
Biochemical reaction rates typically increase 2-to 3-fold with a 10°C rise in temperature (Taylor et al. 1996) . In ectotherms internal body temperature is determined by the surrounding environment. Due to the effect of temperature on metabolism, burst speeds in ectotherms typically rise with increasing temperature up to a point of optimal performance (fish, Wardle 1980; lizards, Zhang & Ji 2004) . Consider an ectothermic animal, whose locomotor performance is dependent on ambient temperature, that is attacked by an endothermic bird or mammal whose locomotor performance is independent of temperature. If the outcome of the predation attempt depends on the speed of the prey relative to that of the predator, the probability of prey capture will vary with temperature. This may be called temperature-dependent predation success (TPS).
Forward TPS occurs when an endothermic predator attacks an ectothermic prey. When the predator is ectothermic and the prey is endothermic, rising temperatures improve the locomotor performance of the predator but not the prey. In this case increased temperature will enhance the success rate of the predator. This is termed reverse TPS. Christian & Tracy (1981) documented forward TPS in Galapagos hawk Buteo galapagoensis predation on hatchling land iguanas Conolophus pallidus. Hawk predation success was 67% when iguana sprint speed was impaired by cool conditions but fell to 19% when iguana locomotor performance improved in warm conditions. Reverse TPS was demonstrated in laboratory experiments by Greenwald (1974) , who found that strike velocity and capture success of gopher snakes Pituophis catenifer attacking mice Mus musculus increased with temperature. TPS has not been experimentally tested in aquatic systems, although winter nocturnality in stream salmonids has been interpreted as a mechanism to reduce predation risk from endothermic predators at a time when low temperatures impair fish locomotion (Valdimarsson & Metcalfe 1998) .
TPS effects may occur within an ectothermic species (examples above) or across species. Fish exhibit a variety of biochemical pathways that mitigate the depressing effect of low temperature on metabolic performance, and species adopt those pathways that optimize swimming performance for the temperature regimes they occupy (Taylor et al. 1996) . These adaptations are most effective at low temperatures, so that fish of different species, tested in the temperature to which they are best adapted, display burst speeds that are independent of temperature up to ca. 15°C (Wilson et al. 2001) . Above 15°C, burst speeds of thermally adapted species increase with temperature (Wilson et al. 2001 ). This means that, when considering a set of fish species that are adapted to a range of thermal environments, a relation between temperature and endothermic predator success should be strongly evident only in waters warmer than 15°C.
Marine birds and mammals prey on fish and invertebrates where forward TPS may occur. Marine birds and mammals are also preyed on by sharks, including both ectothermic and partially endothermic species (Cortés 1999 , Bernal et al. 2001 . High temperatures should favour successful attacks by ectotherms on birds and mammals (reverse TPS); hence, TPS may affect birds and mammals as both predators and prey.
The present study proposes that TPS is a major structuring force in global marine communities, favouring birds and mammals as top predators in cold regions but inhibiting their role in warm waters. Specific predictions follow:
(1) Because burst swimming speeds of thermally adapted fish species vary with temperature above 15°C but not below it, we expect that the role of birds and mammals in marine communities will diminish with rising sea temperatures across areas where mean temperatures are ≥15°C. Below 15°C there will be no systematic change with temperature in the importance of birds and mammals.
(2) Since TPS is based on the relative swimming performance of predator and prey, temperature dependence should be greatest when a predator attacks by rapidly swimming toward its prey in open water and the prey attempts to escape by swimming. Hence, prediction (1) should apply particularly to birds and mammals that forage by pursuit-diving.
(3) Other feeding methods used by marine birds and mammals include approaching at high speed by aerial plunging, seizing prey that has limited mobility, surprising prey in benthic hiding places and filter-feeding (Ashmole 1971 , Heithaus & Dill 2002 . The success of these methods does not hinge on the relative prowess of rapid-powered swimming by predator and prey. Hence, we expect no systematic change with temperature in the importance of non-pursuit-diving birds and mammals in marine communities.
(4) Toothed whales swim more rapidly than pursuitdiving birds and pinnipeds (Croxall & Lishman 1987 , Johnsgard 1987 , Williams 2002 . Hence, the temperature at which TPS constrains predation success should be higher in toothed whales than in pursuit-diving birds and pinnipeds. We therefore expect that toothed whale distributions will include waters warmer than those used by pursuit-diving birds and pinnipeds.
We tested these predictions by examining patterns of distribution and abundance of marine vertebrates in relation to sea surface temperature (SST).
METHODS
Sources of data on distribution and abundance of marine vertebrates and on commercial fish landings are listed in Table 1 .
The present study considered pursuit-diving birds to include penguins (Spheniscidae), diving petrels (Pelecanoididae), auks (Alcidae) (except the planktivorous Aethia, Ptychoramphus and Alle) and those cormorants (Phalacrocoracidae) that have an exclusively marine 241
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Fish and fishery Birds Pinnipeds Whales landings distribution and a pelagic or mixed pelagic/benthic foraging habit (Cairns 1986 ). Shearwaters Puffinus spp. were not included because their foraging repertoire includes plunging as well as pursuit-diving (Ashmole 1971). We classed true seals (Phocidae) and eared seals (fur seals and sea lions, Otariidae) as pursuitdiving pinnipeds, although these animals also use other foraging methods including benthic searching (Bowen et al. 2002 , Heithaus & Dill 2002 . Where data were sufficient, we determined boundaries beyond which populations of pursuit-diving birds and pinnipeds fell to nil or minimal levels. We use the term 'substantial range' to refer to the area inside these boundaries.
For ocean coastlines that follow an approximate north-south axis and where data were sufficient, we compiled summer populations of pursuit-diving birds and pinnipeds by region (data sources in Table 1 ). We excluded northern elephant seals Mirounga angustirostris from this analysis because of their deepocean foraging habitat (Le Boeuf et al. 2000) . We multiplied the number of breeding birds by 1.35 to include pre-breeders (Cairns et al. 1991) . Summer densities of pursuit-diving birds and pinnipeds were calculated by dividing regional populations by the area of continental shelf/slope, measured to the 2000 m isobath. Mean reported commercial fisheries landings were calculated for the 1980s, prior to the collapse of major groundfish stocks (sources in Table 1 ).
SSTs were provided by the US Navy (1981). Marine primary productivity zones were from www.marine. rutgers.edu/opp, derived by the method of Behrenfeld & Falkowski (1997) .
RESULTS
Pursuit-diving birds and pinnipeds have similar world ranges, and both occupy all northern and southern regions of the world ocean except the central Arctic basin and the interior of Antarctic ice shelves (Fig. 1) ), none are occupied by pursuitdiving birds and 418 000 km 2 (5.1%) are occupied by pinnipeds (Figs. 1 & 2) .
Edges of substantial range (and mean summer SST) along ocean coastlines are the California-Mexico border (birds, 18°C) and Baja California (pinnipeds, 27°C) in the northeast Pacific; northern Peru (birds, 20°C) in the southeast Pacific; Cabot Strait (birds, 13°C) and the southern Scotian Shelf (pinnipeds, 16°C) in the northwest Atlantic; the Valdez Peninsula, Argentina (birds, 16°C), and the Uruguay-Brazil border (pinnipeds, For birds mean summer SSTs (± SD) at substantial range edges are 16.4 ± 3.3°C (range 13 to 22, n = 9). Mean summer SSTs at substantial range edges are 14.5 ± 2.1°C (range 13 to 16, n = 2) for phocids and 20.5 ± 4.8°C (range 16 to 27, n = 4) for otariids. Mean summer SSTs at substantial range edges do not differ significantly among groups (ANOVA on log-transformed data, F = 2.3, p = 0.14).
Summer densities (animals km -2 of continental shelf/ slope) of pursuit-divers were estimated for birds and pinnipeds in the northeast Pacific and northwest Atlantic and for birds in the southwest Atlantic. In all cases densities varied irregularly through latitudinal zones up to the edge of substantial range, where densities fell to 0 or near 0 (Fig. 3) .
Reported commercial fisheries landings km -2 of shelf/ slope were calculated for the northeast Pacific and the northwest Atlantic. Landings km -2 showed highest values at middle latitudes (Fig. 4) . No sharp decline in landings km -2 of shelf/slope was evident at the range boundaries of pursuit-diving birds and pinnipeds. In the northeast Pacific the ranges of pursuit-diving birds and pinnipeds included the region (California) with the highest reported landings km -2 . In the northwest Atlantic the area of highest reported landings km -2 (New York to Virginia) was outside the ranges of pursuit-diving birds and pinnipeds.
Composition of principal vertebrate groups in North Atlantic food webs varies by temperature zone and body size (data sources in Table 1 ) (Fig. 5 ). Small (< 25 cm body length) and medium-sized (0.25 to 1 m) fish are prominent in food webs in tropical, warm temperate and cold temperate zones. Small fish and planktivorous alcids (the dovekie Alle alle) are important in Arctic marine food webs. Pursuit-diving birds and pinnipeds are major components of Arctic and cool temperate food webs. Tunas are important in tropical and warm temperate waters up to summer isotherms in the mid-teens (°C). Sharks are present in all North Atlantic temperature zones, but their area of prominence extends from the tropics only to summer isotherms in the mid to low teens (°C). Toothed whales are prominent in food webs in all temperature zones. Baleen whales occupy all temperature zones, although tropical waters are generally used as wintering quarters where little feeding occurs (Corkeron & Connor 1999) .
DISCUSSION
Pursuit-diving birds and pinnipeds have remarkably similar world distributions. Both groups are present throughout cool and cold regions of the world ocean, Behrenfeld and & Falkowski (1997) , and tropical zone boundaries, from Garrison (1993) and range edges generally occur in waters whose mean summer SST is between the mid-teens (°C) and the low 20s (°C). Swimming speeds in thermally adapted fish species increase with temperature in water warmer than 15°C (Wilson et al. 2001) . We interpret the ubiquity of pursuit-diving birds and pinnipeds in waters where summer SST is below the mid-teens (°C), and their near-absence in waters with summer SST warmer than the low 20s (°C), as due to difficulty in capturing fish whose swimming performance is enhanced by temperatures above the 15°C threshold. Otariid pinnipeds are faster swimmers than phocids (Fish 2002) , which may explain why otariid distributions extend into waters warmer than those of phocids. We evaluated distributions against SST, which reflects temperature in the well-mixed surface layer. All dives by air-breathing animals occur at least partly in this layer, but some also reach colder waters below. Schreer et al. (2001) measured dive depths of 11 species of pursuit-diving birds and pinnipeds. Two Antarctic pinnipeds (Weddell seal Leptonychotes weddellii and southern elephant seal Mirounga leonina) were deep divers (≥~200 m); for other species the mean of maximum depth attained was 38 m (range 10 to 89 m). Thickness of the surface layer varies seasonally from a minimum in summer (typically ~25 m) to a maximum in late winter (typically ~75 to 100 m) (Alexander & Penland 1996) ; hence, pursuit-diving birds and pinnipeds may experience water temperatures colder than SST more frequently in summer than in winter.
In contrast to pursuit-diving birds and pinnipeds, toothed whales and non-pursuit-diving birds occupy all ocean temperature zones (Ainley & Boekelheide 1983 , del Hoyo et al. 1992 , Perrin et al. 2002 . Toothed whales are able to occupy warm water because their superior swimming ability, relative to pursuit-diving birds and pinnipeds, enables them to capture fish even where warm water increases fish swimming speeds. Non-pursuit-diving birds can occupy warm water because swimming performance does not control their ability to capture food.
Warm water improves the locomotor performance of ectothermic sharks and facilitates the maintenance of elevated body temperatures in partially endothermic sharks, which lack effective thermal insulation. Hence, the ability of these predators to capture birds and mammals should increase with water temperature for which pursuit-diver densities are plotted (reverse TPS). Shark predation on pinnipeds has been widely reported (Riedman 1990 , Weller 2002 , and shark kills of juveniles and adults were a major contributor to a population crash (Bowen et al. 2003) . Pinnipeds inhabiting the tropics suffer extensive shark predation, and many animals exhibit shark-inflicted wounds (Hiruki et al. 1993 , Weller 2002 , Antonelis et al. 2006 . Hawaiian monk seals Monachus schauinslandi reduce shark risk to pups by using nursery beaches fronted by water too shallow for sharks to swim (Westlake & Gilmartin 1990) . The abundance of reports of shark predation on pinnipeds suggests that such predation may be sufficiently intense to affect pinniped populations near their northern and southern range edges and to prevent advancement into warmer waters.
Randall et al. (1988) described shark-induced injuries to jackass penguins Spheniscus demersus in South
Africa. Elsewhere, there are relatively few reports of shark attacks on pursuitdiving birds. Non-pursuit-diving birds that inhabit the tropics generally spend a high proportion of their time in flight, which lowers the risk of shark predation (Ainley & Boekelheide 1983) . A highly airborne lifestyle is not a viable option for pursuit-diving birds because these birds are either flightless (penguins) or have an energetically costly flapping flight (others). Salmon pursued by pinnipeds and fur seals pursued by sharks lead their attackers on erratic zigzag paths (Bigg et al. 1990 , Martin et al. 2005 . The success of predatory attacks thus depends on speed along sharply curved paths as well as straight-line speed (Howland 1974 , Domenici 2001 . Straightline swimming speed of ectothermic fish increases with temperature (Webb 1978 , Domenici & Blake 1997 , and it seems likely that rising temperature also increases speed along curved routes. Sensory systems are also important in predator-prey interactions. . Principal vertebrate components of food webs in the North Atlantic by temperature zone, body length and thermal status. Vertebrate groups include small fish, medium-sized fish, sharks, tunas, planktivorous birds, pursuit-diving birds, pinnipeds, toothed whales and baleen whales. White symbols represent ectotherms, black symbols represent endotherms, and black and white symbols represent groups that include partial endotherms. A single asterix means that the group chiefly occupies the southern part of the zone. A double asterix means that the group uses the zone chiefly as non-feeding wintering grounds. See Table 1 for data sources Fritsches et al. (2005) reported that a specialized eyewarming system in swordfish Xiphias gladius generates a 10-fold improvement in capacity to resolve rapidly moving objects. If the relation between water temperature and temporal visual resolution is general in fish, warm water should improve the ability of ectothermic fish to identify and visually track predators and to take rapid and appropriate evasive action. The marine vertebrate community structure of the North Atlantic shows an increase in endothermy with animal size and water coldness (Fig. 5) . The boundary between endotherms and ectotherms approximately follows a diagonal line from the small/Arctic cell to the large/tropical cell. Endothermy increasingly dominates above this line and ectothermy increasingly dominates below it. The increase in endothermy with size can be attributed to the greater ability to retain heat with increasing body mass (Kleiber 1972) . We interpret the increase of endothermy with cold as an effect of TPS. In warm water only fast-swimming toothed whales can compete with large fish as pursuit predators. In cold and cool water pursuit-diving birds and pinnipeds are able to capture ectothermic prey whose swimming speeds are slowed by low temperatures (forward TPS). Use of warmer waters by these divers may be blocked by their decreased ability to capture ectothermic prey at higher temperatures (forward TPS), by predation from sharks whose locomotion is enhanced by warm water (reverse TPS) or by both. For poorly insulated partial endotherms cold water increases the cost of maintaining elevated body temperatures. In cold water, endothermic predators are more efficient than ectotherms and partial endotherms in capturing ectothermic prey; hence, in Arctic waters medium and large fish predators are excluded in favour of endotherms.
Low productivity in tropical waters has been widely invoked to explain the dearth of pursuit-diving birds and pinnipeds at low latitudes (Ainley 1977 , Heath 2002 , Perrin et al. 2002 . If tropical productivity levels set the range boundaries of pursuit-diving birds and pinnipeds, we would expect that (1) pursuit-diving birds and pinnipeds will occupy waters up to edge of the tropical zone and (2) those tropical waters that have good productivity will be occupied by pursuitdiving birds and pinnipeds.
Neither expectation is met. There are broad bands of habitat, unoccupied by pursuit-diving birds and pinnipeds, between the tropics and the northern and southern ranges of these animals ( Figs. 1 & 2) . The lack of pursuit-diving birds and pinnipeds in these warm temperate bands cannot be explained by lack of food. Given that the sizes of prey taken by fishers and by pursuit-diving birds and pinnipeds broadly overlap (Cairns & Reddin 2000) , mean fisheries landings km -2 of continental shelf/slope in the northeast Pacific and northwest Atlantic serve as an approximate guide to regional productivity of food suitable for these predators. Fisheries landings km -2 of continental shelf/slope show no sharp decrease at the range edge of pursuitdiving birds and pinnipeds (Fig. 4) . In the West Atlantic summer populations of pursuit-diving birds and pinnipeds are negligible off the US coast but massive in Canadian waters to the north, although US landings km -2 of shelf/slope equal or exceed those of Canada (Fig. 4) .
Contrary to expectation (2), the great majority of tropical waters with good productivity is unoccupied by pursuit-diving birds and pinnipeds. A substantial area (8.3 million km 2 ) of the tropical zone has medium or high productivity (>150 g C m -2 yr -1
), but only 5.1% of this habitat is occupied by pinnipeds and none is occupied by pursuit-diving birds (Figs. 1 & 2) . If tropical productivity controls the distribution of pursuitdiving birds and pinnipeds, these predators should occupy those tropical waters that are productive. We conclude that low tropical productivity cannot explain the worldwide distribution patterns of pursuit-diving birds and pinnipeds.
In deep oceanic waters of the tropical zone, prey is typically concentrated in highly mobile patches, which are exploited by fast-swimming predators (tunas, sharks and dolphins) and by birds with gliding flight (Au 1991 , Weimerskirch 2007 . Ainley (1977) proposed that pursuit-diving birds cannot occupy such waters because their high cost of locomotion precludes travel between widely spaced and ephemeral food patches. Reijnders et al. (1993) suggested that pinnipeds are largely excluded from the tropics by the high air temperatures they encounter while hauled out. Bathing in the sea dissipates excess heat acquired on land, but this exposes the animal to shark predation (Riedman 1990) . These are plausible impediments to the use of tropical waters by pursuit-diving birds and pinnipeds. However, these hypotheses do not explain the absence of pursuit-diving birds and pinnipeds from broad bands of warm temperate water between their northern and southern distributional limits and the tropics (Fig. 1) . Ainley & Boekelheide (1983) noted that the evolutionary appearance of small toothed whales in the Pliocene roughly coincided with the extinction of a number of flightless diving birds. These authors suggested that the near-absence of pursuit-diving birds in the tropics may stem from competition with toothed whales. However, this hypothesis does not explain the current coexistence of pursuit-diving birds and small toothed whales in cool and cold waters.
The present study shows that the distributions of major vertebrate groups in the world ocean correspond to temperature zones and proposes that temperaturedependent predation dynamics is the major structuring force underlying these patterns. This does not preclude influences from other factors. We view temperature as setting overall geographic boundaries for major vertebrate groups, but within these boundaries numerous other biotic and abiotic factors, notably food supply (Cairns 1992 , Ferguson & Higdon 2006 , may powerfully affect distribution and abundance.
World mean air temperatures are projected to rise by 1.6°C by 2050 and 3°C by 2100 (Houghton et al. 2001) . Given that long-term ocean temperatures typically rise at the rate of 50 to 90% that of air temperature (Houghton et al. 1995) , expected increases in mean ocean temperatures would be on the order of 0.8 to 1.4°C by 2050 and 1.5 to 2.7°C by 2100. Densities of pursuit-diving birds and pinnipeds may vary from high to nil between adjacent areas whose mean summer SSTs differ by only 1 to 2°C (Fig. 3) , reflecting temperature-sensitive distributional limits. Increasing ocean temperatures are likely to cause range contractions that bring about the disappearance of major populations of pursuit-diving birds and pinnipeds in the present century. A concerted research thrust in marine thermal ecology is needed to clarify the mechanisms by which temperature influences interactions among marine animals and constrains community structure. The key feature of this campaign will be a global, rather than a regional or local, perspective. Tools from the rapidly advancing fields of animal instrumentation (Cooke et al. 2004 , Block 2005 ) and distributional analysis (Elith et al. 2006 , Kaschner et al. 2006 ) will aid this work. As ocean temperatures rise, there is an urgent need for the findings and insights of such an enterprise. 
